Abstract The liver secretes triglyceride-rich VLDLs, and the triglycerides in these particles are taken up by peripheral tissues, mainly heart, skeletal muscle, and adipose tissue. Blocking hepatic VLDL secretion interferes with the delivery of liver-derived triglycerides to peripheral tissues and results in an accumulation of triglycerides in the liver. However, it is unclear how interfering with hepatic triglyceride secretion affects adiposity, muscle triglyceride stores, and insulin sensitivity. To explore these issues, we examined mice that cannot secrete VLDL [due to the absence of microsomal triglyceride transfer protein (Mttp) in the liver]. These mice exhibit markedly reduced levels of apolipoprotein B-100 in the plasma, along with reduced levels of triglycerides in the plasma. Despite the low plasma triglyceride levels, triglyceride levels in skeletal muscle were unaffected. Adiposity and adipose tissue triglyceride synthesis rates were also normal, and body weight curves were unaffected. Even though the blockade of VLDL secretion caused hepatic steatosis accompanied by increased ceramides and diacylglycerols in the liver, the mice exhibited normal glucose tolerance and were sensitive to insulin at the whole-body level, as judged by hyperinsulinemic euglycemic clamp studies. Normal hepatic glucose production and insulin signaling were also maintained in the fatty liver induced by Mttp deletion. Thus, blocking VLDL secretion causes hepatic steatosis without insulin resistance, and there is little effect on muscle triglyceride stores or adiposity.-Minehira, K., S. G. Most of the triglycerides in the plasma are carried by chylomicrons, which are secreted from the intestine, and by VLDLs, which are secreted by the liver (1). The triglycerides within chylomicrons and VLDL are hydrolyzed by lipoprotein lipase along the capillary endothelium, mainly in the heart, skeletal muscle, and adipose tissue (2). The lipids released from triglyceride-rich lipoproteins in capillaries are taken up by surrounding parenchymal cells and stored in triglyceride droplets or used for fuel within mitochondria.
Abstract The liver secretes triglyceride-rich VLDLs, and the triglycerides in these particles are taken up by peripheral tissues, mainly heart, skeletal muscle, and adipose tissue. Blocking hepatic VLDL secretion interferes with the delivery of liver-derived triglycerides to peripheral tissues and results in an accumulation of triglycerides in the liver. However, it is unclear how interfering with hepatic triglyceride secretion affects adiposity, muscle triglyceride stores, and insulin sensitivity. To explore these issues, we examined mice that cannot secrete VLDL [due to the absence of microsomal triglyceride transfer protein (Mttp) in the liver]. These mice exhibit markedly reduced levels of apolipoprotein B-100 in the plasma, along with reduced levels of triglycerides in the plasma. Despite the low plasma triglyceride levels, triglyceride levels in skeletal muscle were unaffected. Adiposity and adipose tissue triglyceride synthesis rates were also normal, and body weight curves were unaffected. Even though the blockade of VLDL secretion caused hepatic steatosis accompanied by increased ceramides and diacylglycerols in the liver, the mice exhibited normal glucose tolerance and were sensitive to insulin at the whole-body level, as judged by hyperinsulinemic euglycemic clamp studies. Normal hepatic glucose production and insulin signaling were also maintained in the fatty liver induced by Mttp deletion. Thus, blocking VLDL secretion causes hepatic steatosis without insulin resistance, and there is little effect on muscle triglyceride stores or adiposity.-Minehira, K., S. G. Young, C. J. Villanueva, L. Yetukuri Most of the triglycerides in the plasma are carried by chylomicrons, which are secreted from the intestine, and by VLDLs, which are secreted by the liver (1). The triglycerides within chylomicrons and VLDL are hydrolyzed by lipoprotein lipase along the capillary endothelium, mainly in the heart, skeletal muscle, and adipose tissue (2) . The lipids released from triglyceride-rich lipoproteins in capillaries are taken up by surrounding parenchymal cells and stored in triglyceride droplets or used for fuel within mitochondria.
We have sought to better define the metabolic impact of the triglyceride secretion from the liver. We reasoned that the delivery of VLDL triglycerides to adipose tissue might have a significant impact on adiposity and on the metabolic activity of adipose tissue. We also suspected that the secretion of triglycerides by the liver might have a significant impact on the stores of triglycerides in skeletal muscle. In the current study, we have begun to address these issues by examining adipose tissue size and activity, as well as skeletal muscle triglyceride stores, in mice that cannot secrete VLDL. For these studies, we took advantage of mice that lack microsomal triglyceride transfer protein (Mttp) in the liver; these mice assemble and secrete chylomicrons normally but cannot assemble triglyceride-rich lipoproteins in the liver.
The inability to secrete VLDL is accompanied by hepatic steatosis (3, 4) . In other settings, hepatic steatosis is asso-ciated with insulin resistance (5-7). In the current study, we also tested whether the hepatic steatosis accompanying a blockade in VLDL secretion would result in insulin resistance.
MATERIALS AND METHODS

Mice
We bred mice homozygous for a conditional allele of Mttp and the inducible Mx1-Cre transgene (Mttp flox/flox Mx1-Cre mice) (4, 8, 9) . Cre expression was induced by injecting 5 week-old Mttp flox/flox Mx1-Cre mice with polyinosinic-polycytidylic ribonucleic acid (pI-pC; Sigma, St. Louis, MO; 500 mg every other day for 10 days). The series of pI-pC injections inactivated Mttp in the liver, eliminating VLDL production, but did not cause significant changes in intestinal lipoprotein production (4). In previous studies (4, 10) In most experiments, mice were fed a chow diet containing 4.5% fat (Ralston Purina, St. Louis, MO). Some mice were fed a high-fat diet (fat, 60% of calories; carbohydrate, 20% of calories; D12492, Research Diets, New Brunswick, NJ) for 4 months. The fat was derived mostly from lard, the carbohydrates were mainly sucrose and maltodextrin (1:2), and the protein was mainly casein. In those studies, the body weight of mice was monitored biweekly. At the conclusion of this study, mice were fasted for 5 h, and body fat was measured by dual energy X-ray absorptiometry with a PixiMus2 scanner (GE Healthcare Lunar, Madison, WI). Liver, inguinal and epididymal adipose tissues, and blood were collected. In other experiments, mice were fed a high-carbohydrate diet (960238, INC Biochemicals, Solon, OH) for 1 month. This diet contained vitamin-free casein (21%), sucrose (58.5%), and Alphacel Non-nutritive bulk (16.5%) and salt mixture U.S.P. XIV (4%)
Lipids and insulin measurements, and gene expression studies Plasma triglycerides, cholesterol, free fatty acids, and insulin were measured by commercial kits [triglycerides, cholesterol, free fatty acids kits were from Roche Diagnostics (Indianapolis, IN) ; the insulin kit was from ALPCO Diagnostics (Salem, NH)]. The distribution of lipids within the plasma lipoproteins was assessed after overnight fasting by fast protein liquid chromatography (FPLC) with a Superose 6 10/30 column (Pharmacia Fine Chemicals, Piscataway, NJ) (11). Apolipoprotein B-48 (apoB-48) and apoB-100 in fasting plasma were detected by Western blot analysis as described previously (10, 12) . Muscle (gastrocnemius) and liver triglyceride levels were measured after overnight fasting by chemical analysis followed by a modified Folch lipid extraction (13, 14) . RNA from adipose tissue was extracted with Trizol reagent (Sigma). To assess gene expression in adipose tissue, RNA was pooled from control mice and Mttp D/D mice (n 5 9 in each group), and mRNA levels were measured in triplicate as previously described (15) .
Studies of glucose metabolism and insulin sensitivity in
Glucose tolerance tests were performed on 8-12 week-old chow-fed mice after a 4 h fast. Glucose (2 g/kg) was injected intraperitoneally, and blood was drawn from a tail vein at 0, 15, 30, 60, and 120 min. Hyperinsulinemic euglycemic clamp studies were performed on 16 week-old mice (n 5 5-8). An indwelling catheter for insulin and glucose infusion was placed into a left femoral vein of anesthetized mice. Mice were allowed to recover for 4-7 days. After a 5 h fast, a 180 min hyperinsulinemic euglycemic clamp study was conducted in awake, freely moving mice, as previously described (11, (16) (17) (18) . In a first set of clamp experiments, mice were infused with high (18 mU/kg/min) doses of insulin, in order to measure systemic insulin sensitivity. Briefly, human insulin was administered as a prime-continuous infusion at the start of the clamp, and 20% glucose was infused at variable rates and adjusted every 10 min to clamp plasma glucose levels at 6 mM. In a second set of clamp experiments, a lower dose of insulin (2.5 mU/kg/min) and [3- 3 H]glucose (NEN Life Sciences, Boston, MA) were infused [10 mCi bolus, followed by 0.05 mCi/min (basal) and 0.1 mCi/min (clamp)] to estimate insulin-stimulated whole-body glucose flux and to calculate hepatic glucose production. With this dose of insulin, hepatic glucose production is not totally suppressed (19) . After a 2 h stabilization period, blood was sampled from the tail every 10 min during the last 40 min of the clamp study. Glucose concentrations in plasma samples were measured using a glucose oxidation method (Thermo Electron, Waltham, MA), and [ 3 H]glucose was quantified as previously described (17) . Rates of basal and clamp glucose turnover were determined as the ratio of the [3- 3 H]glucose infusion rate to the specific activity of plasma glucose at the end of the basal period and during the final 40 min of the clamp period, respectively. Hepatic glucose production was determined by subtracting the rate of glucose infusion from the rate of whole-body glucose uptake. Suppression of hepatic glucose production was calculated compared with basal hepatic glucose production.
To measure hepatic insulin signaling, insulin (5 U/kg) was injected into overnight-fasted mice via the inferior vena cava. Groups of mice were euthanized at baseline and 3 min after the injection, and the liver was harvested. Protein was extracted and blotted with Akt (Ser-473) and total Akt antibody (1:1,000 dilution) (Cell Signaling Technology, Danvers, MA). Western blots of liver proteins (extracted from livers of mice that had not been given insulin) were also performed with an antibody against phosphoenolpyruvate carboxykinase (PEPCK) (1:1,000 dilution; antibody provided by Dr. Françoise Assimacopoulos, University of Geneva). The secondary antibody for the Akt Western blots was an HRP-conjugated donkey anti-rabbit IgG (1:8,000 dilution; Amersham, Piscataway, NJ). The secondary antibody for the PEPCK Western blot was an HRP-conjugated rabbit anti-sheep IgG (1:5,000 dilution). The Western blots were developed with the ECL chemiluminescence system (Amersham) followed by exposure to X-ray film.
Measurements of triglyceride synthesis and de novo lipogenesis
Triglyceride synthesis rate and de novo lipogenesis were measured by mass isotopomer distribution analysis (20, 21) . Five days before the end of an experiment, deuterated water ( 2 H 2 O, 99.8% pure) was injected intraperitoneally (20 ml/g body weight) to achieve ?3% 2 H 2 O body water. Mice were then given 8% 2 H 2 O in their drinking water for 5 days. Mice were euthanized after 4 h of fasting, and inguinal adipose tissue and the gastrocnemius muscle were removed. Deuterated water enrichment was measured in blood as described previously (20, 21) .
Lipids from adipose tissue and skeletal muscle were extracted by a modified Folch method, and triglycerides were separated by TLC with hexane-ethyl ether-acetic acid (80:20:1). Triglycerides were then transmethylated with 3 N methanolic hydrochloric acid (Sigma) at 75°C for 3 h. For the analysis of triglyceride synthesis, glycerol was extracted and derived to glycerol triacetate by 1 h incubation with acetic anhydride-pyridine (2:1) (13, 22) . Glycerol triacetate [mass-to-charge ratios 159 (M 0 ), 160 (M 1 ), and 161 (M 2) ]) was analyzed by GC-MS, and the fractional triglyceride synthesis rate was calculated by isotopomer enrichment (20, 23) . The absolute rate of triglyceride synthesis was calculated from the fractional rate and adipose tissue weight. For the analysis of de novo lipogenesis, the fatty acid fraction was extracted from transmethylated triglycerides and measured by GC-MS. The fractional rate of de novo lipogenesis was calculated by mass isotopomer distribution analysis, and the absolute rate was calculated based on the adipose weight (20, 24) .
Liver ceramides and diacylglycerols were measured by Acquity Ultra Performance LC coupled to QTof Premier time-of-flight mass spectrometer (Waters, Inc., Milford, MA) as described (25) . Results are given as mean 6 SEM. Glucose and insulin were measured after an overnight fast. Plasma lipids were measured after a 4 h fast.
a P , 0.05. 
Statistical analyses
Results are expressed as means 6 SEM. A Studentʼs t-test was used to compare groups.
RESULTS
Mttp
#/# mice have low plasma lipid levels and develop hepatic steatosis Mttp D/D mice had low plasma levels of triglycerides and cholesterol after a 4 h fast ( Table 1) . VLDL triglycerides were virtually absent in the plasma of Mttp D/D mice after overnight fasting, as judged by FPLC fractionation of the plasma (Fig. 1A) . The amount of apoB-100 in the plasma of Mttp D/D mice was dramatically reduced, whereas the levels of apoB-48 were reduced minimally (Fig. 1B) . The amount of triglycerides in the livers of chow-fed Mttp D/D mice was 7-fold greater than in control mice (Fig. 1C) . Increased amounts of neutral lipids were observed in the liver sections of Mttp D/D mice (Fig. 1D) .
Normal adipose tissue stores in Mttp
The body fat contents of Mttp D/D and control mice were not statistically different on a chow diet (Fig. 2A) . Even on a high-fat diet, weight gain and fat mass in Mttp D/D mice were identical to controls (Fig. 2A, B) ( Table 2) . Food in- (Fig. 2C) . We suspected that Mttp D/D mice might maintain normal adipose mass by activating de novo lipogenesis in adipose tissue. However, the fractional rates of de novo lipogenesis on the chow diet were similar in inguinal fat in both groups of mice (Fig. 2D) . On the high-fat diet, the fractional de novo lipogenesis rates were reduced to a similar degree in both groups of mice. The absolute rates of de novo lipogenesis on the chow and high-fat diets were similar in both groups of mice (Fig. 2E) . These studies suggest that both groups of mice were equally capable of gaining weight, and that the absence of VLDL secretion had little impact on either adiposity or de novo lipogenesis. We also examined gene expression in mice on both the chow and a high-carbohydrate diet. Genes important in de novo lipogenesis were increased to a similar degree in both groups of mice on the high-carbohydrate diet (Fig. 2F) .
Normal skeletal muscle triglyceride stores in
We hypothesized that the reduced delivery of VLDL triglycerides to peripheral tissues might be associated with reduced stores of triglycerides in skeletal muscle, but this was not the case. Both Mttp D/D and control mice had similar triglyceride levels in the gastrocnemius (Fig. 3A) . Also, the fractional triglyceride synthesis rate in muscle was similar in the two groups of mice (Fig. 3B) .
Mttp
#/# mice have normal insulin sensitivity despite liver steatosis Hepatic steatosis is often associated with insulin resistance (5) . Despite the presence of hepatic steatosis, fasting glucose levels in Mttp D/D mice were lower than in control mice ( Table 1) . The insulin levels tended to be lower in Mttp D/D , mice but this difference did not achieve statistical significance (Table 1) . The Mttp D/D mice and control mice had similar glucose levels after an intraperitoneal glucose load (Fig. 4A) . A hyperinsulinemic euglycemic clamp study with a high dose of insulin revealed that a similar amount of glucose was required to maintain plasma glucose levels in both Mttp D/D mice and control mice (Fig. 4B) , indicating that Mttp D/D mice did not develop systemic insulin resistance despite a fatty liver. To determine whether the liver exhibited normal insulin sensitivity, we measured hepatic glucose production during hyperinsulinemic euglycemic clamp with a lower dose of insulin and also analyzed hepatic Akt phosphorylation after insulin injection. The suppression of hepatic glucose production during the clamp was similar in both groups (Fig. 4C) . Also, there was no difference in phosphorylation of Akt (Ser-473) in the different groups of mice, relative to total Akt (Fig. 4D) . PEPCK levels were similar in Mttp D/D and control mice (Fig. 4D ). Despite an absence of insulin resistance, Mttp D/D mice had higher content of ceramides and diacylglycerols in the liver (Fig. 4E) .
DISCUSSION
Triglycerides are delivered to adipose tissue by intestinal chylomicrons and hepatic VLDLs. In an adult mouse, significant amounts of triglycerides, perhaps 25 to 50 mg/day, are secreted by the liver (26) , and these triglycerides are mainly delivered to the muscle, heart, and adipose tissue (27) . In the current study, we sought to better define the in vivo importance of VLDL triglycerides for peripheral tissues. To approach this issue, we studied mice that secreted chylomicrons from the intestine normally but were unable to assemble or secrete triglyceride-rich lipoproteins in the liver. We suspected that the inability to deliver hepatic triglycerides to peripheral tissues would significantly affect adiposity and/or result in secondary changes in de novo lipogenesis in adipose tissue or adipose tissue gene expression. However, the absence of VLDL secretion had almost no effect on body weight or adiposity, either on a chow or a high-fat diet. Also, there was no significant effect on de novo lipogenesis in adipose tissue or on the expression of genes associated with de novo lipogenesis. Similarly, eliminating VLDL production had no significant effect on skeletal muscle triglyceride stores. These findings suggest that the inability to assemble and secrete triglyceriderich lipoproteins from the liver has little effect on adipose tissue or skeletal muscle triglyceride metabolism.
Because the rodent liver constantly produces VLDL triglycerides for distribution to peripheral tissues, the absence of peripheral effects in mice lacking VLDL secretion was somewhat unexpected. However, Mttp D/D mice have no defect in their ability to absorb fat or produce chylomicrons. On a chow diet, mice consume approximately 200 mg of fats per day, and most of this lipid is presumably delivered into the circulation by chylomicrons. It seems possible that the ability to absorb dietary fats and produce chylomicrons in the intestine, along with the ability to carry fatty acids on albumin, outweighs the contribution of liver triglycerides and is sufficient to prevent major metabolic perturbations in adipose tissue and skeletal muscle. Another factor that could limit the peripheral consequences of absent VLDL could be the liverʼs ability to release some lipids into the circulation on apoA-I-containing particles. Mttp D/D mice develop liver steatosis but no evidence of hepatic inflammation (3). Hepatic steatosis is often associated with insulin resistance in humans (28, 29) and in mouse models (30) (31) (32) . We suspected that the Mttp D/D mice might develop insulin resistance, but this was not the case. Glucose tolerance tests and hyperinsulinemic euglycemic clamp tests indicated normal systemic sensitivity to insulin in Mttp D/D mice. Their hepatic insulin sensitivity was also normal, as judged by a hyperinsulinemic euglycemic clamp with a lower dose of insulin. Increased levels of lipid intermediates, such as ceramide and diacylglycerols, have been shown to interfere with insulin signaling (33, 34) . However, the Mttp D/D mice had no insulin resistance despite increased levels of ceramide and diacylglycerols in the liver. Of note, these results are consistent with recent results on mice with overexpressing acyl-CoA:diacylglycerol acyltransferase 2 (DGAT2) in the liver (35) . Both models exhibit elevated levels of lipid intermediates, but they do not have hepatic inflammation or develop insulin resistance. Thus, increased levels of these lipid intermediates are not sufficient to induce insulin resistance. Increased lipid intermediates in the setting of inflammation or other unknown factors may be required to induce hepatic insulin resistance. In summary, blocking VLDL secretion in mice did not affect skeletal muscle triglyceride stores or adiposity and did not affect de novo lipogenesis in adipose tissue. Despite hepatic steatosis, blocking VLDL secretion in Mttp D/D mice was not associated with insulin resistance. We conclude that VLDL does not play a major role in the delivery of triglyceride fuel to peripheral tissues, at least under the conditions that we studied. On the other hand, VLDL secretion is clearly important for protecting the liver from hepatic steatosis.
